We present a method that uses patterned self-assembled monolayers (SAMs) of alkanethiolates on silver as templates to fabricate ordered two-dimensional arrays of solid CdS nanoclusters. The CdS is grown by electrochemical atomic layer epitaxy inside sub-micrometric stripes of hexadecanthiol SAM fabricated by microcontact printing. CdS ultrathin films grow and self-organize into an ordered pattern of nanoclusters. This pattern exhibits both lithographically imposed ordered structures and a self-affine structure along the direction perpendicular to the stripes. On the contrary, along the direction parallel to the stripes no spatial correlation among the clusters has ever been observed.
II-VI semiconductors are well-known materials used for many applications in science and technology. They have special relevance on sensors, 1 photovoltaic, 2 photoelectrochemical cells 3 and more generally nanoscience. 4 Several deposition techniques have been used to grow thin films of II-VI semiconductors, among them, chemical vapor deposition, 5 molecular beam epitaxy, 6 reactions in LangmuirBlodgett films, 7 electrochemical atomic layer epitaxy (ECALE), 8 and pulsed electrochemical deposition. 9 All of these methods are flexible and capable of generating supported planar arrays of a variety of semiconductor nanocrystallites. However, they have limited control in size distribution and spatial arrangement while the technology requires the control of these parameters. 10 The fabrication of ordered two-dimensional arrays of II-VI semiconductor microparticles has been reported using confined precipitation 11 and direct microcontact printing of CdS nanoclusters previously synthesized. 12 The electrochemical deposition on thiolate pre-patterned surface has been reported several times for the electrodeposition of metals, including nikel electrodeposited on gold, 13, 14 gold/ silver electrodeposited on gold, 15, 16 and Cu electrodeposited on printed SAM. 17 Recently, Seo et al. reported nanoshaving combined with silver electrodeposition on Au(111). 18 Here, we investigate for the first time how, by confining the growth of CdS thin films by combined ECALE, CdS nanoclusters grow and self-organizes into an ordered pattern organized at nanoscale. This pattern exhibit both lithographically imposed ordered structures and a self-affined structuration 19 along preferential directions.
ECALE technique exploits the underpotential deposition (UPD) process to synthesize material at the working electrode. 20 The method is based on the alternate electrodeposition of the elements that form the compound at underpotential (see Figure  1) . The UPD is a surface-limited phenomenon whereby, the deposition of one element occurs at a potential preceding the Nerstian equilibrium value. The layer-by-layer electrodeposition on single-crystal faces allows submonolayer control of film thickness and yields semiconducting nanostructures of high crystallinity. 21 Here, we confined the growth of CdS by ECALE inside submicrometric stripes of hexadecanthiol SAM obtained by microcontact printing (µCP). 22 The presence of SAM patterns reduces the available area for electrodeposition to 60%, since in this range of potential of the UPD it acts as insulator. 23 The confinement induces a dramatic change in morphology of CdS thin film.
In our experiments, the stamp consists of parallel lines 410 nm wide and 100 nm deep and a periodicity between lines of 740 nm. Figure 2a shows the cyclic voltammograms of UPD of sulfur on bare Ag(111) (curve 1) and on patterned Ag(111) (curve 2).
The presence of µ-stripes does not change the potential range of UPD, whereas the decrease in the cyclic voltammogram peaks indicates a reduction of the available surface for ECALE.
The effective quantity of deposited CdS was confirmed by measuring the charge involved in the stripping of Cd, followed by the stripping of S (Figure 2b ). The charges involved in Cd stripping for a given number of cycles coincide with the corresponding charges of S, thus indicating the expected 1:1 stoichiometric ratio. Moreover, these charges are linear functions * To whom correspondence should be addressed. Phone: +390516398519.
of the number of deposition cycles, thus indicating that the same amount of the compound is deposited in each cycle and, therefore, confirming layer-by-layer growth.
Apart from the amount of the elements deposited in each cycle, this behavior coincides with that obtained on the bare Ag(111). The slope of each plot gives the charge per cycle. The slope of 43 µC cm -2 obtained on a patterned surface amounts to 61% of the slope, obtained on the bare surface (70 µC cm -2 ). This is in perfect agreement with the value of the free surface of silver as detected by AFM measurements (see details in the Supporting Information).
The characterization was completed with a morphological investigation performed on samples. Figure 3 shows AFM images of CdS thin film formed with 20 ECALE cycles, which correspond to a film thickness of about 40 Å. On a bare surface (Figure 3a,b) , CdS forms nanoclusters that are randomly distributed over the whole surface; their diameter ranges from 50÷90 nm (Figure 3b ) in good agreement with previously reported data on bare Ag(111). 24 The film morphology dramatically changes on patterned surfaces (Figure 3c,d) . CdS grows only in the zones free of the SAM; therefore, its growth is confined between the µ-stripes. Figures 3d shows details of CdS nanoclusters grown inside two µ-stripes of SAM. Although occasionally we observed a random distribution of nanoclusters, they were usually aligned along nanostripes with a periodicity of about 170 nm oriented like the µ-stripes (Figure 3d) .
No relevant difference in morphology was observed depending on the order of whether Cd or S is deposited first.
At sub-micrometric scale, the roughness of the substrate is comparable with the roughness of the CdS thin film, and for this reason, the differences between the regions containing CdS and the regions containing the SAM are not clearly evident in the topography without the help of image analysis. In order to highlight (qualitatively) the regions where the CdS was grown, we performed lateral force microscopy (LFM), which is sensitive to the mechanical differences (local "friction") on the surface. 25 The LFM shows a contrast in between the zones where the CdS film has been grown and the zones containing the SAM (see inset of Figure 3c ). Figure 4 shows the statistical analysis of nanoclusters distribution corresponding to Figure 3d . Whereas in the CdS grown on bare Ag both the autocorrelation map and power spectral density (PSD) are isotropic, on the patterned surface, both of them exhibit an anisotropy with respect the direction of printed stripes. The 2D height-height correlation function "g(r)" (Figure 4a) shows the periodicity of the printed lines. Although the g(r) measured parallel to the µ-stripes (Figure 4b , line 1) does not show a spatial correlation, the g(r) measured perpendicular to the µ-stripes of SAM (Figure 4b, line 2) shows an evident spatial correlation among the nanoclusters, which extends up to the eighth neighbor (the peaks in the correlation function are indicated with red arrows). The power spectral density (PSD) measured perpendicular to the printed µ-stripes (Figure 4e ) confirms that the topographic fluctuations are spatially correlated; furthermore, they exhibit a self-affine structure. Self-affines are defined as structures that preserve a similar morphology upon a change of magnification and after a rescaling of the third dimension (z axis). For a self-affine surface, roughness scaling follows a power law with a growth exponent and a scaling exponent R, which distinguish the growth universality class. 26 As in the case shown in Figure 4e , a self-affine structure exhibits a power-law decay of PSD in a finite range of spatial frequency. Figure 4e shows the PSD measured perpendicular to the printed µ-stripes and the PSD of CdS grown on bare surface. The PSD exhibits two distinct regions, a plateau at low spatial frequencies, which indicates the absence of spatial correlations, and a region which exhibits a power-law decay at higher spatial frequencies. The steeper portion of the latter is taken as the self-affine range.
As shown in Figure 4e , the PSD of CdS growth on the patterned surface exhibits a different slope (i.e., growth exponent) in the linear region, which indicates a difference in the mechanism of growth. 26, 27 On the other hand, in the direction parallel to the µ-stripes PSD exhibits almost the same slope of CdS growth on the bare surface ( Figure 4d) ; in this direction, although the self-affinity is not clear, it cannot be excluded. This behavior suggests that on the direction parallel to the µ-stripes the presence of µ-stripes does not influence significantly the CdS growth. A more detailed study of the mechanism of growth is under investigation, and it will be the subject of a future paper.
Summarizing, we present, for the first time, an application of the ECALE process combined with µCP that allows the fabrication, by spontaneous organization, of an ordered array of nanoclusters of CdS. We proved that the UPD phenomena, exploited by the ECALE method, works in the presence of µ-stripes without relevant effect on the electrochemistry of the process, but it has a strong influence in the film morphology. We demonstrate that the presence of stripes confines the growth of CdS ultrathin film that it self-organizes in a spatially correlated pattern of nanoclusters, which exhibit a self-affine structure.
Our approach opens new perspectives to soft-lithography combined with electrochemistry. Future developments are in progress and include the confinement growth inside a twodimensional cell with a different shape and the progressive reduction of the size of the confinement. 
